ABSTRACT The reproductive rates of Russian wheat aphid, Diuraphis noxia (Kurdjumov) (Hemiptera: Aphididae), Biotype 1 (RWA 1) and Biotype 2 (RWA 2) were compared in the laboratory at three temperature regimes on a Russian wheat aphid resistant cultivar (ÔPrairie RedÕ) and a susceptible cultivar (ÔTAM 107Ј). The objective of this study was to expose RWA 1 and RWA 2 to three temperature regimes and two levels of resistance to Þnd whether there were reproductive differences that may occur within each biotype as well as differences in reproduction between biotypes. In addition, temperature effects of the Dn4 gene on biotype reproduction were noted. Differences in reproductive rates between the two biotypes seem to be driven by temperature. For both biotypes, longevity and reproductive rate parameters, except for intrinsic rate of increase, were lower at the 24 Ð29ЊC temperature regime than the 13Ð18ЊC and 18 Ð24ЊC temperature regimes. The intrinsic rate of increase was higher for both biotypes at the 18 Ð24ЊC and 24 Ð29ЊC temperature regimes than at the 13Ð18ЊC temperature regime. Reproductive rates between biotypes were similar at the two higher temperature regimes, but the fecundity for RWA 1 was less than RWA 2 at the 13Ð18ЊC temperature. The change in fecundity rates between RWA 1 and RWA 2 at lower temperatures could have ecological and geographical implications for RWA 2.
Russian wheat aphid, Diuraphis noxia (Kurdjumov) (Hemiptera: Aphididae), is a serious pest of wheat, Triticum aestivum L., and barley, Hordeum vulgare L., in the western United States. Management practices for this pest in winter wheat included the use of resistant cultivars. The presence of Russian wheat aphid biotypes has been a concern with the development of resistant wheat cultivars. Laboratory studies have identiÞed a high degree of biotypic variation in Russian wheat aphid from worldwide cultures (Puterka et al. 1992) . Genetic analyses have found similarities in collections from the United States, South Africa, Mexico, and France and high variation in populations from the Middle East and southern Russia (Puterka et al. 1993) . Genetic analyses performed on isolates of Russian wheat aphid from Þve states in 1994 and 1995 identiÞed only one biotype in the United States (Shufran et al. 1997) . However, during the spring 2003, severe Russian wheat aphid damage (leaf rolling, white streaking, and plant stunting) to a resistant wheat cultivar was reported from southeastern Colorado (Haley et al. 2004a) . Experiments with an isolate from this area conÞrmed the presence of a new biotype, virulent to Dn4 resistant winter wheat cultivars as well as other commercially available Russian wheat aphid resistant wheat cultivars (Haley et al. 2004a) , and this biotype is now designated as Russian wheat aphid Biotype 2 (RWA 2) in the United States. Since the discovery of RWA 2, six other biotypes have been found, including three in Colorado, two in Texas, and one in Wyoming (Burd et al. 2006 , Weiland et al. 2008 . Of the eight total biotypes discovered, Russian wheat aphid Biotype 1 (RWA 1) and RWA 2 are the most important to the wheat breeders because RWA 1 was the original biotype found throughout the western United States and RWA 2 was found to be the most virulent of the described biotypes (T.L.R. et al., unpublished data). Surveys performed in 2004, 2005, 2006 , and 2007 found both RWA 1 and RWA 2 present throughout the wheat-producing areas of eastern Colorado, although RWA 2 seems to be displacing RWA 1, with 96% of the sampled Þelds containing RWA 2 in 2007 (S. C.M. et al., unpublished data) .
Several Russian wheat aphid resistant cultivars containing Dn4 are commercially available (Quick et al. 1996; Quick et al. 2001a,b,c,d; Haley et al. 2004b) . The Dn4 gene is in many of the resistant cultivars, and it is a useful management tool for RWA 1. However, it is not useful in managing RWA 2, which has become the predominate biotype in Colorado (S.C. M. et al., unpublished data) . Since this study, other wheat lines have been found to be resistant to RWA 2, but a cultivar has not yet been produced for use in management of this biotype. RWA 2 poses a problem for wheat production in Colorado and currently will need to be managed through the use of biological control, cultural practices, and insecticide treatments until effective resistant cultivars are released (Peairs et al. 2005) . Jyoti et al. (2006) compared the reproductive rates of RWA 1 and RWA 2 at two temperatures, 20 and 24ЊC, and they found that the reproductive rates for both RWA 1 and RWA 2 were higher at 24ЊC. The objective of this study was to expose RWA 1 and RWA 2 to three temperature regimes and two levels of resistance to Þnd whether there were reproductive differences that may occur within each biotype as well as differences in reproduction between biotypes. In this study, temperature regimes were expanded to include higher and lower ranges than what were used by Jyoti et al. (2006) to examine population dynamics of RWA 1 and RWA 2 at other temperature regimes commonly experienced through the wheat growing season.
Materials and Methods
Test plants were a susceptible winter wheat ÔTAM 107Ј (Porter et al. 1987) , and ÔPrairie RedÕ, which is a Dn4 Russian wheat aphid resistant winter wheat cultivar derived through backcrossing by using TAM 107 as the recurrent parent (Quick et al. 2001c ). Seeds of TAM 107 and Prairie Red were germinated in petri dishes, and then they were held at 0 Ϯ 2ЊC for 8 wk to vernalize. Fifteen-centimeter pots were planted with one vernalized seedling of either TAM 107 (susceptible to both biotypes) or Prairie Red (resistant to RWA 1 but susceptible to RWA 2) and grown in a greenhouse to the jointing growth stage (Zadoks 30) (Zadoks et al. 1974 ). This growth stage was chosen because previous studies have shown this to be the most antibiotic/antixenotic stage for wheat containing the Dn4 gene (Hawley et al., 2003 , Miller et al., 2003 . The remainder of the experiment was performed in a model G10 Environmental Growth Chamber (Environmental Growth Chambers, Chagrin Falls, OH), with lighting at 16:8 (L:D) h and three different temperature regimes: 13Ð18ЊC, 18 Ð24ЊC, and 24 Ð29ЊC. So that other environmental factors remained constant, each temperature regime was performed in the same growth chamber. Clip cages similar to those described by Hawley et al. (2003) were placed on the youngest unfurled leaf of each plant. Three third instars of Russian wheat aphid were placed in each cage, and they were removed after they reached the adult stage and three nymphs were produced on the same day. Birth dates were recorded for these nymphs, and all but one were removed 5 d after birth. This aphid was considered the mother aphid, and all nymphs born to the mother aphid were counted and removed every 24 h. The date of death of each mother aphid was recorded.
Nymphipositional period, longevity, number of nymphs produced per day of nymphipositional period, number of nymph production days, and maximum number of nymphs produced in a 24-h period were calculated as described by Hawley et al. (2003) . Intrinsic rate of increase was calculated as described by Wyatt and White (1977) . Each cultivar/biotype combination was replicated eight times at each temperature regime. Data were analyzed as a split-split-plot design with temperature as the whole plot treatment, cultivar as the subplot treatment, and biotype as the sub-subplot treatment. Cultivar and biotype treatments were arranged randomly within blocks. Although each temperature regime was run at separate times, data were analyzed as a single experiment with pots assigned randomly to temperature regimes. Data were analyzed for effects of temperature, cultivar, biotype, and their interactions by using Proc Mixed (SAS Institute 2001). If signiÞcant effects were observed, LSMeans were separated using pairwise ttests.
Results
Change of temperature regimes produced reproductive differences within each biotype for each cultivar. Within each cultivar, the following temperature differences were found for RWA 1 and RWA 2: differences in fecundity (TAM 107: F ϭ 26.40; df ϭ 2, 35; P Ͻ 0.0001 and Prairie Red: F ϭ 16.36; df ϭ 2, 35; P Ͻ 0.0001), nymphipositional period (TAM 107: F ϭ 13.51; df ϭ 2, 35; P Ͻ 0.0001 and Prairie Red: F ϭ 4.93; df ϭ 2, 35; P ϭ 0.0130), number of nymphs produced per day of nymphipositional period (TAM 107: F ϭ 25.47; df ϭ 2, 35; P Ͻ 0.0001 and Prairie Red: F ϭ 13.68; df ϭ 2, 35; P Ͻ 0.0001), nymph production days (TAM 107: F ϭ 21.46; df ϭ 2, 35; P Ͻ 0.0001 and Prairie Red: F ϭ 8.55; df ϭ 2, 35; P Ͻ 0.0009), maximal number of nymphs produced in a 24-h period (TAM 107: F ϭ 25.20; df ϭ 2, 35; P Ͻ 0.0001 and Prairie Red: F ϭ 11.11; df ϭ 2, 35; P Ͻ 0.0002), and intrinsic rate of increase (TAM 107: F ϭ 16.72; df ϭ 2, 35; P Ͻ 0.0001 and Prairie Red: F ϭ 8.67; df ϭ 2, 35; P Ͻ 0.0009) ( Table 1) . Fecundity and the maximal number of nymphs produced in a 24-h period were lower for both RWA 1 and RWA 2 at the 24 Ð29ЊC temperature regime compared with the 13Ð18ЊC and the 18 Ð24ЊC temperature regimes. Nymphipositional period, number of nymph production days, and the maximal number of nymphs produced in a 24-h period were lower for RWA 2 within both cultivars at 24 Ð29ЊC than at the lower two temperature regimes and lower for RWA 1 at 24 Ð29ЊC than at the two lower temperatures only within TAM 107. Number of nymphs produced per day of nymphipositional period was lower at the 24 Ð29ЊC than the other two temperature regimes within both cultivars for RWA 2 and greater for the 18 Ð24ЊC treatment than the low and high temperature regimes in TAM 107 and at 24 Ð29ЊC in Prairie Red for RWA 1. Intrinsic rate of increase was lower in the 13Ð18ЊC temperature regimes than either of the two higher temperature regimes. Differences in longevity were found between temperature regimes for RWA 2 but not RWA 1 (TAM 107: F ϭ 4.60; df ϭ 2, 35; P Ͻ 0.0168 and Prairie Red: F ϭ 3.10; df ϭ 2, 35; P Ͻ 0.0575). Longevity was greater at the lower temperature regime than at the higher temperature regime for RWA 2 in both cultivars.
Reproductive differences were also apparent between the two biotypes. A temperature by biotype interaction was found for fecundity (F ϭ 3.13; df ϭ 2, 77; P ϭ 0.0495) ( Table 2 ). The fecundity for RWA 1 was less than that of RWA 2 at the 13Ð18ЊC temperature but not at the two higher temperature regimes. The differences in fecundity are irrespective of cultivar as noted in Table 1 . Differences due to temperature regimes between biotypes occurred for number of nymphs produced per day of nymphipositional period, maximal number of nymphs produced in a 24-h period, and intrinsic rate of increase (Table 1 ). These differences only occurred within Prairie Red where RWA 1 has lower values than RWA 2.
Discussion
The longevity and reproductive rates, except for intrinsic rate of increase, were reduced under the higher temperature regime for both Russian wheat aphid biotypes. Similar observations were made by Michels and Behle (1988) , where the number of RWA 1 nymphs produced per day decreased when temperatures were increased from 20 to 30ЊC. They also found that mortality increased as temperatures increased above 15ЊC. Girma et al. (1990) showed that the reproductive period and longevity for Russian wheat aphid were lower at 27Ð29ЊC than at 10 Ð13ЊC and 18 Ð21ЊC temperature regimes at the jointing stage.
Reproductive rates were similar for both Russian wheat aphid biotypes at the two higher temperature regimes. However, fecundity was signiÞcantly higher for RWA 2 than for RWA 1 at the lower temperature regime. The different fecundity rates between biotypes at the lower temperature were driven by temperature and not the resistance in the resistant wheat cultivar. This is similar to a study by Jyoti et al. (2006) , where the differences in the abundance of Russian wheat aphid RWA 1 and RWA 2 were inßuenced by temperature but not cultivar. RWA 2 has a higher reproductive rate at lower temperatures than RWA 1, which could result in changes in geographic range as well as greater reproduction during the cooler months. This would allow the aphid to expand its distribution and take advantage of wheat grown in cooler climates as well as use alternate hosts at higher elevations when there is no wheat available. Because RWA 2 outperforms RWA 1 under cool conditions, RWA 2 populations could expand earlier in the spring at a higher rate and possibly have a more extensive range. a Means between RWA 1 and RWA 2 within a test parameter followed by the same uppercase letter(s) are not statistically different, and means within a row followed by the same lowercase letter(s) are not statistically different, LSMeans (␣ ϭ 0.05).
b NympP, nymphipositional period; NpDNP, number of nymphs produced per day of nymphipositional period; NPD, number of nymph production days; Max, maximal number of nymphs produced in a 24-h period. a Means within a row followed by the same uppercase letter(s) are not statistically different, and means within a column followed by the same lowercase letter are not statistically different, LSMeans (␣ ϭ 0.05).
